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OF REVOLUTION AT MACH NUMBERS FROM 3.00 TO 6.25

By Thomas J. Wong and Hermilo R. Gloria
SUMMARY

Results of force and moment tests at Mach numbers from 3.00 to 6.25
on two rectangulsr-plan-form, all-movehle controls in combination with a
slender body of revolutlon are presented and compared with the predie-
tions of theory. The controls had aspect ratios of 4/9 and 1 (for exposed
panels Joined together) and ratios of body radius to wing semispan of 0.6
and 0.4, respectively. The body had a fineness ratio of 12. The models
were tested at angles of attack up to 25°, control deflection angles
from -30° to +30°, and Reynolds numbers based on control chord from 0.23
million to 1.2 million, depending on test Mach number.

The results showed that 1ift varistions with aengle of attack were
somewhat nonlinear for both control-body combinstions tested. However,
linearized wing-body interference theory when combined with experimentally
determined characteristics of the body geve, for the most part, adequate
predictions of 1ift, drsg, and pltching-moment coefficients of the control-
body combinations.

Control hinge moments were linear only at small angles &Ff abttack and
control deflectlon. Hinge-moment parameters were influenced to a lsrge
extent by the shape of the airfoil section and, hence, were not well pre-~
dicted by linear theory. A method which considers this effect, the
slender-airfoil shock~expsnsion method, provided better estimates of these
parameters.

INTRODUCTION
The problem of providing adequate control for missiles traveling

at high supersonic speeds 1s aggravated by the well-known decresse in
1ift effectiveness of pla.na.r surfaces w:Lth increasing Mach number. Due




2 <R, NACA RM A55J07

employ the entire stebilizing surface for control - that is, as an all-
moveble control. For various reasons, these controls are generally small
and, therefore, operate entirely within the disturbed flow field cresated
by the missile body. It follows, then, that wing-body interference will
usvally play an important role in the aerodynamic charsacteristics of the
body~control combinations.

At low supersonic speeds, the nature of wing-body interference 1is
reascnably well understood. There is a large amount. of experimentsl data
available and seversal theories for tresting the interference flows. For
the case of an all-movaeble wing, the theoretical methods include that of
Tucker (ref. 1) who treated only the 11ft, using linear theory with
approximate boundary conditions. There is =lso the work of Nielsen,
Keattari, and Dreke (ref. 2) which is based on a combination of linear
and slender-body theory. This method provides predictions of the 1lift,
pitching moment, and hinge moment. This result has been extended by
Katzen and Pitts (ref. 3) to include predictions of dreg. There are, in
addition, several other methods available for low supersonic speeds. All
of these methods are, in genersl, based on linear theory and they have
‘been found to be adeguate for predicting the serocdynamic forces and moments
(with the possible exception of hinge moments) for wing-body combinations,
gubJject, of course, to the.ususl restrictions of linear theory.

At high supersanic speeds, however, the situation is not so encourag-
ing. There is not, at present, sny mass of data avallable on the sero-
dynamic charscteristics of all-moveble wing-body combinations nor sny
well-established theory. Since the theoreticsl methods used at lower
speeds are, as noted, based on linear theory, thelr spplicetion at high
supersonic speeds is often suspect., More comparisons with experimentsel
data are reguired before the limitations of the linearized methods can be
ascertained accurately at high Mach numbers. As a step toward providing
the needed experimentel data, a program was undertaken to determine the
aerodynamic characteristics of two all-movaeble wing controls in combina-
tion with a elender body of revolution. These controls had rectangulsr
plan forms and were tested at Mach numbers from 3.00 to 6.25, angles of
atteck up to 25°, and angles of control deflection fram -30° to +30°.

The results of this investigation sre reported herein together with com-
parisons of the experimental characteristics with those predicted by
theory. ' '

SYMBQOTS
- (b - 2ry,)®
A aspect ratio (for exposed pasnels jolned together), - —
b control span
c control chord ‘
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Cy, 1iPt coefficient, lifi
qnry
dreg
Cp drag coefficient, >
QT
pitching moment
Cpn pitching-moment coefficient about body nose, =)
QT L
t rmael
ch control-normal-force coefficient, control n;s force
Cr hinge-moment coefficient, hlngqugment
1 body length
M Mach number
q free-stream dynamic pressure
r body radius
Ty body radius at base
S control plan area, exposed
X longitudinal coordinate
X control center of pressure, fraction of control chord
Xq control center of pressure for o <varisble, & =-O°, percent of
control chard
Xg control center of pressure for & variasble, a = 0%, percent of
control chord :
O angle of attack of body
& control deflection angle relative to body axis, positive for down~
ward deflection of trailing edge
Subscripts
=B
a rate of change with angle of attack, X’ unless otherwise spec-
ified
e} rate of change with control deflection angle, g; s unless other-

wise specified
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EXPERTIMENT

Test Apparatus snd Methods

The tests were conducted in the Ames 10- by lli-inch supersonic wind
tunnel st Mach numbers of 3.00, 4.23, 5.05, and 6.25. This facility is
described in detail in reference 4.

Aerodynamic forces and moments were measured by a three-component
straln-gage balance. Forces parallel and perpendicular to the balance
axls and moments sbout the model base were measured dlirectly and resolved
to give 1ift, drag, and pitching moments sbout the body nose. Hinge
moments and forces on the wing perpendicular to the body axis were measured
by a two-component strain-gage balence mounted within the test body.
Angles of attack grester than +5° were obtained by the use of bent sting
supports. Tare forces on the stings were essentially eliminated by
enclosing the stings in shrouds that extended to within 0.040 inch of the
model base. Forces acting on the model base were determined from base-
pressure measurements. These forces were subtracted from the measured
forces acting on the entire model. The data presented, therefore, rep-
resent only the forces acting on the forward portion of the model, exclus-
ive of the base.

Static and dynanic pressures were determined from wind-tunnel calibra-
tion data and stagnetion pressures measured with a Bourdon type pressure
gage. Reynolds numbers based on control chord length were:

Reynolds number,

Mach number million
3.00 1l.20
4,23 . . 1.09
5.05 .53
6.25 ' .23

Models

The models used in this investigation consisted of a slender body of
revolution and two sets of all-movable controls. The pertinent dimensions
of the models are given in figure 1. The body conslsted of a 3/h-power
profile nose section (see ref. 5) with a fineness ratio of 3, faired to
g cylindrical afterbody having a fineness ratio of 9. The controls had
aspect ratios of h/9 and 1 (for exposed wing panels joined together) and
ratios of body radius to wing semispan of 0.6 and 0.4k, respectively. Both
controls had rectangular plan forms end a 4-percent-thick biconvex airfoill
section with a 50-percent-blunt trailing edge. The control hinge-line wes
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located at 50 percent of chord and the gap between wing and body was 0.008
inch. The models were constructed of steel and had polished surfaces.

The models used in this investigation were not intended to represent
practical aircraft configurations. The results, nevertheless, provide
information on the relative merits of rectangular-plan-form controls and
are useful for assessing the applicebility of svailable theories for
estimating the aerodynamic characteristics of all-movable wing and body
combinations at high supersonic speeds.

Accuracy of Test Results

Variations in Mach number in the test region did not exceed +0.02
except at the maximum test Mach number of 6.25 where the variation was
£0.0k. Deviations in stream Reynolds number for a given Mach number did
not exceed +10,000 from the mean values given in the previous section.
The estimated errors in the angle of attack due to uncertainties in cor-
rections for stream angle and for deflections of the model-support system
were *0.2°,

The following table of uncertainties represents the msximum possible
errors involved in the measurement of the aerodynamic forces and moments:

Quantity | M = 3.00 |M = k.23 M = 5.05| M = 6.25
Cp +0.013 +0.02 +0.02 +0.04
Cy, *.013 +.02 +.02 +.04
Cn +.010 +.02 .02 *.0h4
Ch +.005 +.01 .01 +.02
CN, *.01 *.02 .02 +.0k

RESULTS AND DISCUSSION

Experimental Results

The results obtalned in the present investigation are given in tables
I and IT for the complete range of test varisbles. The coefficients for
the control-body combinations are referenced to the Qggz:gggg_ggga;
whereas the coefficients for the control in the presence of the body are

referenced to the control-surface ares.
-—.__—-——-‘—\-

Characteristics of the control-body combinations.- The variations of
Cr, with a, Cy, and Cp are presented jin figure 2 for both configurstions
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tested. The results for both control-body combinations are essentlally
similar over the range of test parameters, the principal difference being
in the magnitude of the control loads. This difference can be largely
explained by the difference in control-surface area.

The variations of Cp with o are somewhat nonlinear and generally
show Increasing 1ift effectiveness with increasing angle of attack except
at large values of o .+ & at M = 3.00 snd 4.23 where apprecisble reduc-
tions in lift effectiveness are observed. These reductions in 1lift effec~-
tiveness are also reflected in the dreg polars, particularly those for
the A = 4/9 control.

Control effectiveness.~ The variations of 1lift coefficient wilth con-
trol deflection angles for both configurations at several angles of attack
are presented in figure 3 for all test Mach pumbers. The results are some-
what nonlinear and generally show only small variations in control effec-
tiveness with angle of attack and control deflection except at large
@ + 8 and M = 3.00 and 4.23, where it is observed that the effectiveness
of both controls decreases markedly. Similar results have been cobserved
in test results obtained at lower Mach numbers (see ref. 6).

The A = 1 control, which has the larger control-surface ares, is,
of course, a more powerful control than the A = h/9 control. This is
evident in figure 3. The 1ift coefficients presented in figure 3 are
referenced to the base ares of the body, however, snd do not indicate
the effectiveness per unit of control-surface area. A more Informative
comparison of the two controle has been made in figure 4, where their
effectiveness parameters, Cpg (measured at o« = & = 0°), multiplied by
the ratio of body-base ares to control-surface ares are presented ss a
function of Masch mumber. The results show that increasing the aspect
ratio increases the control. effectiveness (per unit of cantrol-surface
srea) only at Mach numbers less then 5.0. Above M = 5.0 the A = h/9
control has essentially the same effectiveness as the A = 1 control. It
is also shown in figure 5 thet these trends are falrly well predicted by
the linesr-theory method of reference 2.1 If the exposed panels were
Joined together, the A = h/9 control would, of course, be less effectlve
than the A = 1 contral. The difference 1s made up by increased inter-
ference 1ift carried on the body. It should be noted that these compen-
sating effects of control-body interference and aspect ratio are not
unique to Mach numbers sbove 5.0 but could occur at other Mach nunmbers
for different combinations of aspect ratio and ratios of body radius to
control semispan. It is evldent, then, that incressing the aspect ratio
does not always increase control effectlveness. It is also evident from
figure 4 that control effectiveness, as might be expected, 1s strongly
dependent on Mach number. TLarge reductions in effectiveness occur as the
test Mach number increases from 3.00 to 6.25.

IMore detailed comparisons of theory and experiment are presented in
a later section.
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Lift-drag ratio.- The variations of lift-drag ratio with 1ift coef-
ficient for both configurstions at M = 3.00 are presented in figure 5.
It is observed that the aspect-ratio-l control provides higher 1ift-drag
ratios at smsll control deflections, whereas the aspect-ratio-h/9 control
provides higher ratios at large control deflections. The change is par-
ticularly evident between the curves for & = O° and for & = #30°. Sim-
ilar results were obtained at the higher Mach numbers.

Control normal force.- The variations of control-normsl-force coef-
ficient with angle of attack and control deflection are presented in
figures 6 and 7 for both canfigurations tested. The results are some-
what nonlinear and tend to show an Increase in control normal-force effec-
tiveness, (CNc)y, with increasing |a + 8|. A lerge part of the nonlin-
earity in the control normal forces, particularly at the higher Mach
numbers, may be attributed to nonlinear variation of pressure coefficient
with flow deflection angle. Another possible cause of nonlinearity at
large o dis the reductlion of upwash angle at the control (see refs. 7,
8, and 9). Nonlinear variations of the local body upwash with B are
also possible since, due to the finite length of the chord, the lesding
and trailing edges of the control are a considersble distance away from
the plane of greatest upwash when the controls are deflected to large

angles.

e-moment characteristics.- The variations of hinge-moment coef-
ficients with angle of attack and with control deflection angle are shown
in figures 8 and 9. TIn general, the results indicate that the hinge- -
moment coefficlents decrease with increasing Mach number and aspect ratio.
In most cases, the variations of hinge moment with o and 8 are decidedly
nonlineaxr. The primery sources of nonlinearities are, of course, the same
as for the control normal forces. Another source of nonlinearity in the
hinge-moment varistions is center-of-pressure travel. This point becaomes
most evident at spproximately o + & = 30° for both controls at all Mach
numbers tested (compare, e.g., figs. 6 and 8). For o + & > 30°, sharp
reductions in hinge-moment coefficient are observed with increasing angle
of attack, whereas normsl-force coefficients contihue to increase. A
rapid movement of the center of pressure (toward the hinge line) is indi-
cated. Thus, it appears that the controls cannot be closely balanced
throughout the test range of angles of attack and control deflections.

Comparisons of Theory and Experiment

Control-body combinastions.- The aerodynamic charecteristics of the
control-body combinations have been estimated by adding theoretical
predictions for the controls (including contributions of control-body
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interference) to the experimental characteristics of the body alone.®
The theoretical predictions for the controls sre based on the linear-
theory methods of references 2, 3, and 12. The experimental character-
istics of the body alone were reported in reference 13.

Camperisons of the estimated and experimentel values of 1lift, drag,
and pitching-moment coefficients at Mach numbers of 3.00 and 6.25 are
shown in figures 10 and 11 for both control-body combinations tested.
The sgreement between theory and experiment is generally good to angles
of attack of sbout 10° to 15 , except at large values of +5. It is of
interest to note that the linear variations of 1ift and pltching moment
are restricted to an exceedingly small range of angles of attack even at
M = 3.00 and that the use of experimental characteristics for the body
in the estimated results has accounted for most of the nonltinesrities
in the 1ift and pitching=-moment curves of the control-body combinations.
The major contribution to the nonlineerities for the body lteelf is the
viscous cross force (see ref. 14).

Control-gurface characteristics.~ The normael-force characteristics
of the controls have been estimated by means of the linear-theory methods
of references 2 and 12 and the slender-glrfoil shock-expansion method
of reference 15.2 Two sets of calculations were performed with each
method: First the control was considered to behave as a wing alone and,
second, as a control in the. presence of the body. The predicted and
measured control normal-force coefficients, Cy,, for the undeflected con-
trol, 8 = 0°, are campared in figure 12. Linear theory with the effects
of interference included seems to provide good estimates of the control
normal forces at the smeller sngles of attack; whereas the shock-expansion
method with the effects of interference neglected is generally in agree-
ment with the measurements at the larger angles of attack. Similar trends
were noted for the other control deflection angles tested. The values
predicted by linear theory (with the effects of interference included)
and by the shock-expsnsion method (with interference effects neglected)
are compared with measurements for the complete range of cantrol deflec-
tions in figures 13 and 1lhk. These comparisons would seem to indicate that,
with Increasing values of the hypersonic similarity parsmeter Mx, the
normal-force characteristlcs of the control in the presence of the body
spprroach those for the control glone. Such a result would be expected
because at larger angles of attack, the flow about the body becomes hyper-
sonic in character (i.e., it can, in the mmin, be described by Newtonian

2No correction was spplied to the estimated charscteristice of the
control-body combinations for the effects of the streamwise gep between
control and body. It was believed, on the basis of experimental results
presented in references 10 and 11, that the effects of the gap would be
negligible.

SThe effects of the tip region were estimasted on the basis of the
method of reference 16. Unpublished dsts for rectangular wings at

= 3.36 indicate that the control normal forces predicted by use of this
tig correction may be slightly low at the larger angles of attack.

e
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flow concepts (see ref. 17)) and the upwash angle on the side of the body
approaches the engle of sttack of the body.

Both the linear-theory method and the slender-asirfoil shock-expansion
method (including an average upwash angle) have been used to estimate the
control-surface perameters, (CNe),» (ch)s’ Chy,» &nd Chg (at o =8 = 0°).
The comparisons with experiment are shown in figure 15. Both methods
provide rather good estimates of (CNc)m and (CNc)a’ the normal-force

curve slopes for lineasr theory being slightly lower than for the shock-
expansion method due to the fact that lineasr theory neglects the effect
of thickness on 1lift. Linear theory, however, provides a poor estimate
of both Chd;and Chs' Linesr theory is in error primerily in the pre-

diction of the center of pressure on the control. Much of this error is
due to the fsct that the theory neglects any effect of airfoil section
on center-af -pressure location. The slender-ailrfoil shock-expansion
method, which considers this effect, provides a better estimate of these
parameters, though the values of Cp, are still underestimated. This
error msy be attributed to the tendency for a larger portion of the
boundery layer on the body to flow over the control surface when the
body is inclined. This flow could cause separation on the lee surface
of the control and have a considersble effect on the hinge moments.

CONCLUSIONS

Anslysis of the results of force tests on two rectangular-plan-form,
all-movable controls of aspect ratios h/9 and 1 in combination with a
slender body of revolution at Mach numbers fraom 3.00 to 6.25 and Reynolds
numbers from 0.23 to 1.2 million has led to the following conclusions:

l. The variations of lift with angle of attack for the control-
body combinations are somewhat nonlinesr throughout the range of test
Mach numbers. The msjor contributor to the nonlinearities is the body
itself. Control normal forces are only slightly nonlinesr throughout
the range of angles of attack and control deflection. Control hinge
moments, however, are linear only at smell asngles of attack and control
deflection.

2. The aspect-ratio-l control is more effective than the aspect-
ratio-h/9 control at Mach numbers less than 5. At Mach numbers of 5 and
above, the two controls have essentially the same effectiveness per unit
of control-surface area. At small control deflections, the aspect-ratio-1
control is more efficient than the aspect—ratio-h/9 control and provides
higher lift-drag ratios at a given 1ift coefficient. At large control
deflections the converse is true.

3. Nonlinearities in control effectiveness are generslly small,
except at large combined angles of attack and control deflection where
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sppreciable losses in control effectiveness are found. Control effec-
tiveness decresases rapidly with increasing Mach number in accordance with
theoretical predictions.

4, Estimates of the serodynamic characteristics of the control-
body combinations, which combined the experimental characteristics of the
body and the linear theoary predictions of the contributions of the controls
(including wing-body interference), are generslly good to angles of attack
of about 10° to 15°.

5. Linear theory (including the effect of body upwash) provides
good estimetes of the control normal forces at small angles of attack
and control deflection. At larger angles of attack snd control deflec~
tion, and, 1n generel, at the higher Mach numbers, control normal forces
are generally better predlcted by a slender-airfoll shock-expansion
method neglecting the effect of interference, indicating that the normal-
force characteristics of the control in the presence of the body approsch
those for the contral slone with increasing values of the hypersonic
similarity parameter, M.

6. Hinge-moment parameters are influenced to a large extent by the
shape of the alrfoil section and, hence, are not well predicted by linear
theory. A method which considers this effect, the slender-airfoill shock-
expension method, provides better estimates of these parameters.

Ames Aeronautical ILaboratory -
National Advisory Committee for Aeronautics
Moffett Field, Calif., Oct. T, 1955
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TABIE I.- EXPERIMENTAL RESULTS FOR ASPECT-RATIO-4/9 CONTROL-BODY
COMBINATION - Concluded.
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COMBINATTION
(a) M = 3.00; M = k.23

TABLE II.- EXPERTMENTAL RESULTS FOR ASPECT-RATTO-1 CONTROL-BODY
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(b) M = 5.05; M = 6.25

TABLE II.- EXPERIMENTAI, RESULTS FOR ASPECT-RATIO-1 CONTROL-BODY
COMBINATION ~ Concluded.
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